Introduction
The development of cost-efficient and energy-efficient battery systems that meet future electric vehicle demands is urgently needed [1] . Lithium-sulfur (Li-S) batteries are regarded as a promising candidate due to the fact that the low-cost elemental sulfur provides three to five times the state-of-art Li-ion battery theoretical specific capacity (1675 mA h g −1 ) [2] [3] [4] [5] . Moreover, sulfur is abundant and environmentally friendly, which makes it attractive for large-scale commercial applications. Despite these advantages, many basic obstacles still restrict the practical application of Li-S batteries, including (i) the intrinsically insulative nature of sulfur, intermediate polysulfides and Li 2 S that result in low utilization of active materials and rate capability, (ii) severe volume change (approx. 80%) during the lithiation/delithiation processes, leading to the destruction of the electrode materials and (iii) the dissolution and shuttling effect of intermediate lithium polysulfides (Li 2 S x , 4 ≤ x ≤ 8) that give rise to low coulombic efficiency, poor cycling stability and selfdischarge [6] [7] [8] [9] . In response to these challenges, great efforts have been devoted to enhance the electrical conductivity of cathodes and suppress the loss of soluble polysulfide intermediates during cycling. The use of conductive carbon scaffolds (porous carbon, carbon nanotubes and graphene) to obtain a nanostructured composite S cathode is an efficient and effective way for Li-S batteries [10] [11] [12] [13] [14] [15] . They can serve as the host scaffold to accommodate the S/Li 2 S and demonstrate significant improvement for the cathode capacity. However, a carbon framework is less effective in trapping polysulfides because of the weak interaction between the non-polar carbons and the polar polysulfides [12, 13] . Recently, metal oxides have been paid attention due to their chemisorption effect towards polysulfide species, resulting in considerable gains in coulombic efficiency and cycling stability. For example, some metal oxides (such as TiO 2 [6] , Ti 4 O 7 [16] and MnO 2 [17] [18] [19] [20] ) as traps for the polysulfides have proven to be highly effective at chemically adsorbing of lithium polysulfides and improving the long-cycle ability of Li-S batteries. However, these materials are less conductive than carbon materials, which leads inevitably to compromises in the rate capability and even the specific capacity [19] . Therefore, it may be a good alternative to realize the complementary advantages of metal oxides and carbon materials, in which the carbon materials provide high electric conductivity, while the polar metal oxides create reactive sites for immobilization of lithium polysulfides. However, it is still a great challenge to design the hybrid structures of polar metal oxides and highly conductive carbon materials.
Considering the above discussion, here, we designed and synthesized a MnO 2 -graphene nanosheets coated mesoporous carbon/sulfur (MGN@MC/S) composite, in which the conductive mesoporous carbon (MC) network greatly reduces the resistance of electron transport and mass diffusion during the discharge and charge processes, thus giving rise to high rate capabilities; MnO 2 nanosheets provide strong binding sites for polysulfide intermediates and promote stable redox activity over the whole lifetime of the cathode material. As a result, MGN@MC/S composite exhibits superior electrochemical performance in terms of reversible specific capacity (1115 mA h g −1 at 0.1 C), rate capability (551 mA h g −1 at 1 C) and cycling stability (0.05% capacity decay per cycle over more than 500 cycles at 1 C).
Material and methods
2.1. Synthesis of MnO 2 -graphene nanosheets wrapped mesoporous carbon/sulfur composite 2.1.1. Chemicals 2-Aminoterephthalic acid (99%), aluminium chloride hexahydrate (99%), sulfur (98%), NaHSO 3 (98%) were obtained from Sigma-Aldrich Chemical Co. and used as received.
Synthesis of Al-MIL-101-NH 2
The synthesis of Al-MIL-101-NH 2 was based on a modified method as reported in [21] . The typical synthesis of Al-MIL-101-NH 2 was carried out as follows: 544 mg (3 mmol) of 2-aminoterephthalic acid was dissolved in 120 ml of dimethylformamide (DMF) and heated to 110°C in an oil bath. In total, 1448 mg (6 mmol) of AlCl 3 · 6H 2 O in seven equal portions was added in the above solution every 15 min. After that, the reaction went on at 110°C for 3 h under stirring and then kept standing for an additional 16 h. After being cooled down to room temperature, the yellow solid was isolated by filtration, washed with 100 ml of DMF and ethanol three times, and then further purified by treatment in ethanol at 80°C for 24 h. The yellow solid was finally dried for 12 h at 200°C under vacuum for further use.
Preparation of mesoporous carbon
The Al-MIL-101-NH 2 samples were loaded into a ceramic boat and placed into a tube furnace under an argon flow, heated from room temperature to 800°C in 80 min, and then kept at 800°C for 6 h and cooled down to room temperature. The pyrolysed black materials were treated with an HF (23 wt%) solution for 12 h, followed by filtration and dried at 80°C for 12 h to afford MC.
Preparation of mesoporous carbon/sulfur
Sulfur and MC were mixed according to a mass ratio of 7 : 3, yielding a black mixture, which was sealed in a glass container and heated at 155°C for 24 h under vacuum condition. 
Preparation of the MnO 2 nanosheets
MnO 2 nanosheets were synthesized by a one-step facile method using graphene oxide (GO) as template [17] . Briefly, 20 ml of GO suspension (1 mg ml −1 ) was dispersed in 80 ml distilled water by sonication. In total, 160 mg of KMnO 4 was added into the GO suspension and stirred at room temperature for 30 min. The mixture was transferred into a thermostatic oven at 80°C for 24 h. The resulting material was washed with distilled water and dried at 80°C for 12 h to afford MnO 2 nanosheets.
Fabrication of MGN@MC/S
On total, 20 mg MnO 2 nanosheets and 100 mg MC/S were homogeneously dispersed into 20 ml of asfabricated GO suspension (1 mg ml −1 ) by mild ultrasonication for 60 min. Next, 0.15 g NaHSO 3 was added as the assistant reducing agent, and the mixture was ultrasonically dispersed in an ice bath for 30 min. Then, the mixture was placed in a 40 ml sealed bottle and maintained at 80°C for 6 h. After that, the bottle was naturally cooled to room temperature and the as-formed hydrogel was poured out and dialysed with 1 l distilled water for 24 h. Last, the hydrogel was frozen at −50°C for 3 h and then freeze-dried for 3 days to obtain the MGN@MC/S composite.
Materials characterization
The content of sulfur was analysed using a thermogravimetric analyser (Diamond PE) under an Ar atmosphere at a heating rate of 10°C min −1 from room temperature to 600°C, with a gas flow-rate of 40 ml min −1 . Scanning electron microscope (SEM) observation was carried out on a FEI Quanta 650 SEM operated at 20 kV. Scanning transmission electron microscopy (STEM) was conducted with a Hitachi S-5500 SEM, and energy-dispersive X-ray spectroscopy was applied for collecting elemental signals and mapping. Transmission electron microscopy (TEM) and high-resolution TEM images were recorded with a JEOL-2100 instrument. Powder X-ray diffraction (XRD) was conducted on a Bruker D8 Advance X-ray diffractometer using Cu Kα radiation at a scanning rate of 4°min −1 in the 2θ range from 10°to 70°. Specific surface area, pore volume and pore-size distribution were determined by the Brunauer-Emmett-Teller (BET) method on a Micromeritics ASAP 2020 instrument.
Electrochemical measurements
To prepare the working electrodes, as-prepared composite was mixed with acetylene black and poly(vinyl difluoride) in a weight ratio of 8 : 1 : 1 in N-methyl pyrrolidone solution. The slurry was pasted onto a carbon paper and then dried in a vacuum oven at 60°C overnight. The active material density of each cell was determined to be 1.5-2.0 mg cm −2 . CR2025-type coin cells were fabricated by sandwiching a porous polypropylene separator between the film disc of MGN@MC/S and a lithium metal foil in a highpurity argon-filled glove box. A measure of 1 M LiN(CF 3 SO 2 ) 2 in a mixed solvent of 1,3-dioxolane and dimethyl ether (1 : 1 by volume) with 2wt% anhydrous lithium nitrate were used as the electrolyte. Cyclic voltammetry (CV) measurements were conducted with a Zahner Zennium Electrochemical Workstation in the potential range 0.01-3.0 V at a scan rate of 0.1 mV s −1 .
Results and discussion
Metal-organic frameworks (MOFs) as a new class of organic-inorganic hybrid materials have received much attention in the last decade due to their great potential for clean energy applications [22] [23] [24] [25] . As a family of porous materials, the employment of MOFs as precursors to prepare porous carbon materials shows great potential for applications in energy and environmental fields. Among them, Al-MIL-101-NH 2 with a high carbon content and large surface area is a good candidate to synthesize porous carbon directly upon carbonization. The synthesis of Al-MIL-101-NH 2 was performed by a solvothermal route in DMF solvent. The obtained Al-MIL-101-NH 2 was demonstrated by powder XRD (electronic supplementary material, figure S1 [26] ). Direct carbonization of the precursor and removal of Al 2 O 3 with an HF solution affords MC materials. The XRD patterns reveal two broad peaks located at around 25°and 44°that are assigned to the graphitic structure (figure 2a) [21] .
The porous structures and nanotopography of the MC are evaluated by nitrogen adsorptiondesorption and TEM analysis. The calculated BET surface area of the carbon material is 1328 m 2 g −1 with a pore volume of 0.7 cm 3 g −1 , and the pore-size distribution lies in the range of 3-4 nm (electronic supplementary material, figure S2(a), (b) [26] ). The TEM and highly resolved TEM images proved the existence of nanopores over the entire material surface (figure 1). The nanoporous structure of MC is anticipated to play important roles in achieving high sulfur loading and alleviating the shuttle effect. The MC/S is prepared by a melt-diffusion method at 155°C. To diminish the dissolution of polysulfides at the surface of the MC, we coat a layer of MGN on the surface of the MC/S electrode. After the hydrothermal and freeze-drying process, MGN@MC/S composite is obtained. The XRD results show a monoclinic phase sulfur (JCPDS-01-080-1098) [17] in the MGN@MC/S composite. The sulfur content in MGN@MC/S is calculated to be 64 wt% ( figure 2b and electronic supplementary material, figure S6 ) by thermogravimetric analysis. The HCS elemental analysis reveals that the MGN@MC/S composites consist of approximately 15.5 wt % MnO 2 nanosheets. MnO 2 nanosheets have been demonstrated to chemisorb polysulfide mediators, which can prevent the dissolution of long-chain Li 2 S x (x = 4-8) into the organic electrolyte, leading to a long cycling stability [17] [18] [19] [20] .
TEM images reveal that the whole MC/S electrode is wrapped by MnO 2 and graphene sheets with a thickness of 4 nm (figure 3a and electronic supplementary material, figures S3 and S4 [26] ). SEM images of the MGN@MC/S composite show that a layer of MnO 2 and graphene sheets cover the surface of the MC/S electrode (figure 3b and electronic supplementary material, figure S5 [26] ). STEM images reveal that no large sulfur particles are observed in the MGN@MC/S composite (figure 4a). The energy dispersive X-ray spectroscopy mapping clearly reveals the uniform distributions of C, S and Mn elements, suggesting the homogeneous distribution of S on the MGN@C framework and Mn element dispersed around sulfur ( figure 4b-d ). These results demonstrate that the MGN@C nanostructure effectively accommodates the sulfur inside the carbon framework.
Electrochemical Li-storage performance of the MGN@MC/S composite has been evaluated by using CR2025 coin cells. The electrochemical reaction mechanism of the MGN@MC/S cathode was studied by CV at a scan rate of 0.1 mV s −1 in the potential range of 1.5-2.8 V (versus Li/Li + ), as shown in figure 5a . A pair of pronounced redox peaks and one oxidation peak were observed. The two reduction peaks at potentials of 2.3 and 2.0 V are attributed to reduction of the cyclic sulfur molecules to the long-chain lithium polysulfides (Li 2 S n , 4 < n < 8), and further reduction to lower-order polysulfides (Li 2 S 2 and Li 2 S) [27, 28] . An anodic peak at approximately 2.45 V is associated with the conversion of the lower-order polysulfides to polysulfides and sulfur molecules. From the second cycle to the fifth cycle, no remarkable changes can be observed for both the reduction and oxidation peaks, indicating high reversible cycling stability of the MGN@MC/S cathode. The discharge and charge behaviour of the MGN@MC/S electrode was evaluated at 0.1 C rates (1 C = 1675 mA g −1 ) in the voltage window of 1.9-2.6 V (figure 5b). The pure MC and pure grapheneMnO 2 seem to have nearly no capacity at 1.9-2.6 V with a current above 0.1 C (167.5 mA g −1 ) as shown in electronic supplementary material, figure S7 . This suggests that the capacity of MGN@MC/S is almost totally contributed by sulfur particles in the MGN@MC/S composite. This phenomenon is consistent with the reported literature [29, 30] . The material exhibited an initial discharge capacity of 1475 mA h g −1 , corresponding to 88% sulfur utilization. The high sulfur utilization indicated the highly dispersed nanosized sulfur particles in the MGN@MC/S composite. After 100 cycles, a high discharge capacity of 1088 mA h g −1 was retained with a coulombic efficiency of 99%, which corresponds to 74% of the capacity retention. Figure 5c shows the rate performance of the MGN@MC/S composite cathodes at various rates. With increasing current rate, the discharge capacity gradually decreased, for example, at 0.1 C (1362 mA h g −1 ), 0.2 C (1190 mA h g −1 ), 0.5 C (983 mA h g −1 ), 1 C (748 mA h g −1 ) and 2 C (452 mA h g −1 ), indicating a good rate capability. In addition, the coulombic efficiency of the MGN@MC/S electrode was nearly 100% at all the current rates. These results indicate that a little shuttling effect was achieved due to the strong binding sites of MnO 2 nanosheets for polysulfide intermediates [17, 18] . The MGN@MC/S electrode also displays remarkably long cycling performance charged at 1 C rate. When the rate returns to 1 C, the specific capacity of 742 mA h g −1 recovers, implying high stability of the electrode materials. A high specific capacity of 600 mA h g −1 is retained after 450 cycles. The capacity retention is calculated to be 80%, corresponding to a very low capacity decay of 0.042% per cycle. The superior cycling stability of the MGN@MC/S electrode is attributed to the conductive MC network and the strong binding sites of MnO 2 nanosheets for polysulfide intermediates. The conductive MC network greatly reduces the resistance of rapid electron transport and mass diffusion; MnO 2 nanosheets provide strong chemical binding to polysulfides. Therefore, the MGN@MC/S composite could efficiently immobilize sulfur and polysulfide, leading to maximum interaction between sulfur and carbon host and minimal dissolution of lithium polysulfide intermediates.
Conclusion
MGN@MC/S composite is successfully synthesized derived from MOFs and investigated as cathode for lithium-ion batteries. The MGN@MC/S composite possesses electronic conductivity network for redox electron transfer and strong chemical binding to lithium polysulfides, which enables low capacity loss to be achieved. Used as cathodes of Li-S batteries, the MGN@MC/S cathodes exhibit high reversible capacity of 1475 mAh g −1 at 0.1 C and an ultra-low capacity fading of 0.042% per cycle at 1 C over
